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proliferation, and differentiation of Islet-1+(Isl1+) progenitor cells in the early first trimester human embryonic heart during
which period most of the organogenesis takes place. In hearts of gestational week 5 to 10 Isl1+cells were identified and mainly
clustered in the outflow tract and to a lesser extent in the atria and in the right ventricle. Some of the clusters were also
troponin T+. Unexpectedly a only few Isl1+cells were Ki67+while in the ventricles a majority of Isl1−troponinT+cells were Ki67+.
Cultures derived from the digested embryonic heart developed into spontaneously beating cardiospheres. At harvest cells in
these cardiospheres showed frequent expression of troponin T+and Nkx2.5+, while Isl1 was expressed only in scattered cells.
Only a minority of the cultured cells expressed Ki67. The cardiospheres could be frozen, thawed, and recultured to beating
cardiospheres. In a multielectrode array system, the beating cardiospheres were responsive to adrenergic stimulation and
exhibited rate-dependent action potential duration. In conclusion, the early first trimester human embryonic heart expresses
clusters of Isl1+cells, some of which differentiate into cardiomyocytes. Unexpectedly, only a minority of the Isl1+cells, while a
majority of ventricular cardiomyocytes, were proliferating. Spontaneously beating cardiospheres could be derived from the
human embryonic heart and these cardiospheres showed functional frequency control.
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70 R. Genead et al.Introduction In vitro morphological characteristics of culturedThe heart is derived from mesoderm that responds to signals
from the surrounding tissue to develop into two different
heart fields (Kelly and Buckingham, 2002; Buckingham et al.,
2005). The earliest population of cardiac progenitors,
referred to as the first heart field, gives rise to the linear
heart tube and subsequently parts of the atria and the left
ventricle. Cells of the second heart field are derived from the
pharyngeal mesoderm that lies anterior and dorsal to the
heart tube and subsequently gives rise to the outflow tract,
right ventricle, part of the atria, and a few portions of the
left ventricle. The LIM homeodomain transcription factor
Islet-1 (Isl1) marks a cell population that constitutes the
second heart field (Cai et al., 2003) and should thus
represent a true endogenous cardiac progenitor cell. In
vivo cell lineage tracing in mouse embryos using the Cre-loxP
strategy has confirmed that Isl1+progenitors contribute to
more than two-thirds of the cells in the embryonic heart
including parts of the conduction system, and endothelial/
smooth muscle cells throughout the proximal aorta, pulmo-
nary trunk, and the stems of the proximal left and right
coronary arteries (Cai et al., 2003; Moretti et al., 2006; Sun
et al., 2007). The Cre-loxP strategy describes Isl1 promoter
expression but not directly the protein expression of Isl1 and
not to what extent Isl1 cells proliferate and differentiate.
In this study, we describe for the first time the
distribution of Isl1+progenitors and their proliferative and
differentiating capacity in the early first trimester human
embryonic heart during which period the cardiac chambers
are formed and mature. Furthermore, in cell culture from
digested human embryonic hearts we have derived prolifer-
ating, spontaneously beating cardiospheres and we have
studied their electrophysiological properties together with
their reaction to external stimuli as indicators of functional
maturation. These cells will be important for basic research
on human heart cell physiology and response to drugs.
Results
Identification of Isl1+, troponin T+, and Ki67+cells in
human embryonic myocardium
Five hearts, gestational weeks 5.5, 6.5, 7.0, 8.5, and 9.0,
were analyzed. Isl1+cells were found in different subdomains
in the human embryonic heart, as shown in Fig. 1. Clusters of
Isl1 cells were found in the distal and the proximal outflow
tract (week 5.5, Figs. 1A–E, and week 9.0 Figs. 1F–K). In the
week 8.5 heart the Isl1+cells were found in the right atrium
while in the week 9.0 heart, Isl1+cells could also be found in
the interatrial septum and the right ventricle wall. In some
areas, clusters of Isl1+cells had begun to differentiate into
more mature cardiomyocytes expressing both Isl1 and
troponin T (Figs. 1E and K) while others remained in the
undifferentiated stage (Fig. 1E). Fig. 2 shows the presence of
Ki67+cells. Unexpectedly, only few of these were also
Isl1+cells. Apart from the right ventricular areas described
above, Isl1 was not expressed at the ventricular level while
there was abundant expression of troponin T as expected. At
this level there was frequent coexpression of troponin T and
Ki67 irrespective of age of the analyzed heart (Fig. 3).human embryonic cardiospheres
During the first week of culture, well-adherent beating
aggregates were formed, beating in a range of 50 to 90 beats
per minute (Supplementary videos online). In the majority of
cultures these cardiospheres grew to large spheres mostly
between 30 to 200 μm in diameter, although some measured
more than 300 μm. We were also able to freeze and thaw the
beating cardiospheres. After the thawing process, the
spheres started to beat during the first week of culture and
remained beating for 3 months.
Immunohistochemical and transmission electron
microscopic characterization of cardiospheres
When growth of the beating cardiospheres leveled off, the
cardiospheres were used for electrophysiological experi-
ments. To further evaluate what kind of cells these cardio-
spheres contained, we stained sections of cultured
cardiospheres for different cardiomyocyte-specific markers
(Fig. 4). In total 5 cultures were analyzed originating from
gestational weeks 5.5, 7.0, 7.0, 10.0, and 10.0, with days in
culture before harvest being 9, 16, 91, 5, and 7 days,
respectively. The expression of troponin T in the cardio-
spheres differed from being in the majority of the cells in
three cultures and to a lesser extent in the other two
cardiosphere cultures. Nkx 2.5 showed a similar pattern
except in the cardiosphere from the 5.5 week heart where no
Nkx 2.5+cells were detected. Ki67 was not observed in two
cultures, while one had scattered positive cells and two with
a minority of positive cells. In three of the cardiosphere
cultures no Isl1+cells were observed while in the remaining
two only scattered Isl1+cells were found. Sections of the
cardiospheres were examined for gap junctions by transmis-
sion electron microscopy. Analysis revealed plenty of gap
junctions between the cells that also contained contractile
elements together with mitochondria and glycogen deposits,
indicating metabolically active cells (Figs. 4E and F). The
contractile elements were not organized in the cytoplasm, as
is typically seen in cells not performing any work load.
Electrophysiological characteristics of human
embryonic cardiospheres
Autonomous beating frequency and action potential duration
were determined from extracellular MEA recordings of
cardiosphere clusters (Fig. 5). The FPs obtained from
extracellular recordings have, in mathematical models,
been related to the first derivative of the membrane
potential, thus providing information on transmembrane
ion currents (Regehr et al., 1989). Simultaneous intra-and
extracellular recordings on human embryonic stem cell
(hESC)-derived cardiomyocytes have validated this idea,
showing close correlation between APD and FP duration
(FPDUR) (Halbach et al., 2003).
The components of the FP can be correlated to the action
potential components as measured with an intracellular
electrode. In work by Halbach and co-workers on hESC-
derived cardiomyocytes, FPMIN is correlated to the upstroke
of the action potential and FPMAX with the end of the action
Figure 1 Distribution of Isl1+cells in the human embryonic heart. Whole human embryonic/fetal hearts [gestational ages 5.5 (A–E)
to 9 weeks (F–K)] were transected and stained for the cardiac progenitor markers Isl1 and troponin T. (A) H and E staining of a 5.5 week
heart delineating the different cardiac chambers. (B–E) At 5.5 weeks, the Isl1+cells (red nuclear staining) were localized mainly in the
proximal as well as the distal outflow tract. As shown in D and E, some of the Isl1+cells in the distal outflow tract were in the
maturation and differentiation process expressing troponin T (red arrow), while some were in their undifferentiated form (white
arrow). (F) H and E staining of a 9 week heart delineating the different cardiac chambers. At 9 weeks, the Isl1+cells were found not only
in the proximal outflow tract (G) but also in the right atrium (H), interatrial septum (I), and right ventricle (J and K). As found in the
5.5 week embryonic heart, some of the Isl1+cells also expressed troponin T (K). In the figure, the nuclei are stained blue by DNA
staining with 4′,6-diamidino-2-phenylindole (DAPI). Bars represent 200 μm in panels A and F; 100 μm in panels B, C, G, and I; and 50 μm
in panels D, E, H, J, and K.
71First trimester human embryonic cardiomyocytes and progenitorpotential. FPDUR, the time between FPMIN and FPMAX,
correlates with 90% of the APD (APD90) (Halbach et al.,
2003).The mean autonomous interbeat interval (IBI) of the
seven different cardiosphere clusters, derived from two
hearts of gestational ages 8.5 and 6.5 weeks was 1579 ms
Figure 2 Isl1 and Ki67 expression in human embryonic heart. Samples from gestational ages 5.5 (A and B) and 9 (C and D) weeks.
There was frequent both Ki67 and Isl1 expression at both ages, although only scattered nuclei coexpressed Ki67 and Isl1 (B and D).
72 R. Genead et al.(SD= 633, range 923–2748 ms). The IBI generally decreased
slightly when fresh medium was first added but was then
stable throughout further medium changes.
The mean FPDUR, calculated from one representative
electrode recording from each preparation (n= 7), was
172 ms (SD= 58, range 110–265 ms).
An important cardiomyocyte property is rate dependence
of the APD. Due to methodological difficulties only one
cluster of cardiospheres, derived from a heart at gestational
week 8.5, could be electrically stimulated. Pacing in 100-ms
steps at intervals between 1000 and 600 ms resulted in a
rate-dependent decrease in FPDUR of up to 35% at the highest
stimulation frequency, compared with the autonomous FPDUR
(Fig. 5C). Three other studied cardiosphere clusters, derived
from a heart at gestational week 6.5, responded to β-
adrenergic (isoprenaline) stimulation by shortening of the IBI
with 54% (n= 3; Pb0.05) and FPDUR with 23% (n= 3; Pb0.05)
compared to baseline (Figs. 5D–G).Figure 3 Human embryonic ventricular myocardium with coexpre
9.0 weeks, respectively. There was frequent coexpression of tropon
Bars represent 50 μm.Discussion
The Dictionary of Cell and Molecular Biology defines a
progenitor cell as a parent cell that gives rise to a distinct
cell lineage by a series of cell divisions. Isl1+cells in the heart
have been suggested to be cardiac progenitor cells originat-
ing from the second heart field (Cai et al., 2003; Moretti et
al., 2006; Sun et al., 2007). Our first aim in this report was to
describe the direct distribution of Isl1+cells in the early first
trimester human embryonic heart. Isl1+cells have previously
been reported in the mouse heart using indirect cell lineage
tracing with Isl1 reporter gene based on the Cre-loxP method
(Cai et al., 2003; Moretti et al., 2006; Sun et al., 2007). This
method describes Isl1 promoter expression but not directly
the protein expression of Isl1. In the present study, we have
for the first time mapped the direct protein expression of Isl1
in the early first trimester human embryonic heart during the
period of major organ formation and cell differentiation. In assion of troponin T and Ki67. (A and B) Gestational ages 5.5 and
in T and Ki67. In the figure, the nuclei are stained blue by DAPI.
73First trimester human embryonic cardiomyocytes and progenitorrecent study, Bu et al showed Isl-1 expressing cells in two
human embryonic heart at gestational weeks 11 and 18,
respectively, together with their coexpression of smooth
muscle and cardiomyocyte markers (Bu et al., 2009). Isl1
expressing cells have also been identified in the myocardium
of humans in the early postnatal period (Laugwitz et al.,
2005). In our study on the early first trimester, Isl1+progeni-
tors were mainly found in the outflow tract but also in the
atria and the right ventricle, which is similar to previously
reported findings from the late first and early second
trimester (Bu et al., 2009). Irrespective of gestational age,
Isl1+cells may also express the cardiac contraction-related
protein troponin T (Parmacek and Solaro, 2004), indicating
active differentiation into more mature cardiomyocytes.
These findings support the idea that during the major
morphogenesis of the human heart that takes place from
weeks 3 to10, Isl1+cells migrate into the heart from the
second heart field, losing their Isl1+expression during
differentiation (Cai et al., 2003). Unexpectedly it was
found that the Isl1 expressing cells only to a minor extent
coexpressed Ki67 while in Isl1−ventricular areas cardiomyo-
cytes expressing troponin T frequently were dividing
expressing Ki67. Thus it appears that in the developing
human heart during the early first trimester, Isl1+progenitor
cells do differentiate into cardiomyocytes, and it is the
cardiomyocytes that proliferate to form the heart. We have
observed a similar pattern in the rat embryonic heart.
Although unexpected, this observation is intriguing, suggest-
ing that cardiac functional morphogenesis necessitates
contracting cardiomyocytes that respond to environmental
factors with increasing demands, blood pressure, and flow to
generate the cardiac chambers, the valves, and the cardiac
vessels.Figure 4 Characterization of beating cardiospheres. Beating card
Nkx2.5.The nuclei are stained blue by DNA staining with DAPI. Bars
evident that the cells in the cardiospheres represented metabo
mitochondria (M), and glycogen deposits (G), and that they forme
contractile elements were not organized in the cytoplasm, a featureThe second aim of this study was to explore whether
spontaneously beating cardiospheres could be developed
from the early first trimester fetal heart. The cardiospheres
started to beat spontaneously within 1 to 2 weeks in culture.
In the MEA system, the autonomous beating frequency of the
cardiospheres and their response to external stimuli were
evaluated. The cardiospheres could adjust action potentials
with increasing beating frequency and respond to β-
adrenergic (isoprenaline) stimulation by shortening the
interbeat interval with 54% and FPDUR with 23%, compared
to baseline. These characteristics are important if these cells
are to be used for cardiomyoplasty in the future.
A third aim was to characterize the cells of the derived
cardiospheres that were used in the MEA experiments. Due to
the nature, heterogeneity, and scarcity of the material, no
time-adjusted systematic cytological characterization with,
for example, FACS analysis could be made. Of the available
material, however, it can be concluded that the cardio-
spheres contain beating cardiomyocytes with sarcomeric
structures, desmosomes indicating gap junctions, mitochon-
dria, and glycogen deposits, reflecting metabolically active
cells. Part of the cardiosphere cells expressed the mature
cardiomyocyte marker troponin T and the early myoblast
marker Nkx 2.5 (Brown et al., 2004) was expressed in a
majority of the cells. In the analyzed cardiospheres only a
few cells or few clusters expressed Ki67. As expected from
the in vivo observations, only scattered cells expressed Isl1.
Hypothetically fetal cardiomyocytes need the environment
with demanding pressures and flows to be stimulated to
divide, factors that are absent in the in vitro situation.
In summary, we have shown that in the first trimester
human embryonic heart Isl1+cells are present in the outflow
tract, atria, and right ventricle. These Isl1+cells have theiospheres expressed (A) Isl1, (B) troponin T, (C) Ki67, and (D)
represent 50 μm. (E and F) Under electron microscopy, it was
lically active cardiomyocytes with sarcomeric structures (S),
d gap junctions (GJ) with the surrounding cardiomyocyte. The
seen in cardiomyocytes that do not perform any work.
74 R. Genead et al.capacity to differentiate into cardiomyocytes while their
proliferative capacity is limited. Ventricular cardiomyocytes
on the other hand show a profound proliferative capacity,
suggesting that environmetal factors are of importance for
proliferation. The cells that were isolated and expanded
from the embryonic material developed into spontaneously
beating cardiospheres which could be maintained for several
months and with rate-dependent functional maturation.
Furthermore, as these cardiospheres are derived from the
human embryonic heart at the gestational period, during
which the morphology of the adult heart is formed, they may
be the basis for development of an in vitro system with
beating cardiomyocytes for evaluating the cardiotoxicity of
different drugs as a cause for congenital malformations.
Methods
Processing of human embryonic cardiac tissue,
isolation, expansion, and cryopreservation
of cardiospheres
To collect human embryonic tissue, individual permission
was obtained using a standard informed consent procedure
and prior approval by the regional ethical committee. The
investigation conforms with the principles outlined in the
Declaration of Helsinki. Aborted material (gestational weeksFigure 5 Electrophysiological characteristics of beating cardiosph
were performed on a multielectrode array system. (B) A represent
reduce noise) recorded from a cardiosphere. Indicated are the FP com
cardiosphere action potential duration rate dependence. One cardio
pulse in 100-ms steps. FPDUR was measured from one external recordi
interval as a percentage of the autonomous FPDUR. The cardiosphe
decrease in FPDUR at a stimulation interval of 600 ms. Also shown
interval (IBI) (D) and field action potential duration (E) of one cardios
and resulted in a significant decrease of IBI by 54% (F) and field acti
action potentials are presented as mean ± SD. ⁎ Pb0.05.5 to 10) was transported directly from the operating room to
the dissection room where the heart was the first organ to be
identified to reduce the time of ischemia. Gestational age
was determined by examination of the fetus for morpholog-
ical landmarks (England, 1990). Time between abortion and
culture preparation was 0.5–1 h.
For histochemistry, hearts and cardiospheres were either
paraffin-embedded or cryopreserved and sliced into 2.5-to 5-
μm-thick sections by use of a microtome (Microme, HM 355S)
(Microm Laborgeräte GmbH, Walldorf, Germany) or cryostat
(Leica JUNG CM3000, Germany), respectively.
For tissue culture, the cardiac material was minced into
small pieces and digested in 3–5 mL of collagenase solution
(Collagenase type 2, CLS-2 Worthington 160 U/mL in HBSS
without Ca and Mg) during continuous stirring for 5 min at
37 °C in an incubator at humidified atmosphere containing
5% CO2. The first fraction of cells was discarded while the
remaining tissue fragments in the supernatant were repeat-
edly digested in fresh collagenase solution. The supernatant
was saved every 15 min until all pieces were completely
dissociated. The obtained cells were washed by centrifuga-
tion at 140 g for 5 min and resuspended in knock-out
Dulbecco's modified Eagle's medium (knock-out DMEM;
Invitrogen, UK), nonessential amino acids (GTF, Sweden),
Primocin 100 μg/mL medium (Amaxa Inc., USA), 0.1 mmol/L
β-mercaptoethanol (Invitrogen), glutamine 2 mM (Invitro-
gen), and insulin-transferrin-selenium supplement (Invitro-eres. (A) Extracellular recordings of the beating cardiospheres
ative field potential (FP, compiled from 30 consecutive FPs to
ponents FPPRE, FPMIN, FPMAX, and FPDUR. (C) This diagram shows a
sphere was paced through an external electrode with a biphasic
ng electrode at each pacing interval. Graph shows FPDUR for each
re cluster exhibited FPDUR rate dependence with an up to 35%
is the effect of isoprenaline (35.9 μM) stimulation on interbeat
phere. The stimulation experiments were performed in triplicate
on potential duration by 23% (G). In panels F and G, IBI and field
75First trimester human embryonic cardiomyocytes and progenitorgen). The cells were seeded directly onto plastic tissue
plates (Techno Plastic Products AG, Switzerland) and
cultured at 37 °C in a humidified atmosphere containing 5%
CO2, and the medium was changed twice weekly. Culturing
the cells under these conditions, without adding serum to the
culture medium, prohibited fibroblast growth, thus favoring
cardiosphere growth.
Freezing of the cultured cardiospheres was performed by
detaching the cardiospheres and resuspending in freezing
medium [0.5 mL 20% knock-out serum replacement medium
(Invitrogen) and 10% dimethyl sulfoxide (Sigma-Aldrich, USA)
in knockout DMEM (Invitrogen)]. The cardiospheres were
frozen gradually (−1 °C per minute) down to−70 °C and
stored at−180 °C. When the frozen cells were recultured,
they were quickly thawed to 37 °C, washed, and recultured
on plastic plates.
Immunohistochemical staining of whole heart
sections and cardiospheres
Before the immunohistochemical staining, the paraffin-
embedded sections were deparaffinized and the frozen
sections were fixed in 4% formaldehyde, blocked with
serum, and incubated with the following primary antibodies:
Isl1 (goat anti-human Isl (AF1837, R and D systems,
Minneapolis, USA)); Nkx2.5 (clone 259416, R and D Systems);
troponin T (ab10214, Abcam plc, Cambridge, UK), and mouse
anti rat Ki67 (clone MIB-1, Dako). The sections were
incubated with different fluorescence-labeled secondary
antibodies: For Isl1 Alexa Fluor rabbit anti-goat antibody
was used. For the other primary antibodies, we used
polyclonal rabbit antimouse immunoglobulins/TRITC (Dako)
and rabbit anti-mouse IgG /Alexa Fluor (Invitrogen).
As positive controls, we used human fetal spinal cord (Isl 1),
human fetal heart (Nkx 2.5), adult human atrial appendage
(troponin T), and human fetal liver (Ki67) and as negative
controls, we used adult human spleen.
Transmission electron microscopy
Spontaneously beating cardiospheres were collected with a
micropipette and immediately fixed in 2% glutaraldehyde
and 0.5% paraformaldehyde in 0.1 M sodium cacodylate
buffer (caco)/0.1 M sucrose/3 mM CaCl2 (pH 7.4) at room
temperature for 30 min followed by 24 h at 4 °C. The
specimens were rinsed in 0.15 M caco containing 3 mM CaCl2
(pH 7.4) and postfixed by incubation for 2 h at 4 °C in 2%
osmium tetroxide in 0.07 M caco containing 1.5 mM CaCl2.
The specimens were then dehydrated in an ascending series
of ethanol followed by acetone and embedded in LX-112
epoxy resin (Ladd, Burlington, VT, USA). Semithin sections
(0.5 μm) were placed on glass slides, stained with toluidine
blue, and examined under a light microscope. Ultrathin
sections (40–50 nm) were cut and contrasted with uranyl
acetate followed by lead citrate and examined using a Tecnai
10 (FEI, Eindhoven, Netherlands) transmission electron
microscope set at 80 kV.
Multielectrode array (MEA) recordings
Depending on size, a total of 3 to 10 spontaneously beating
cardiospheres were selected with a micropipette andplanted onto multielectrode array plates (MEAs) (Multi
Channel Systems, Reutlingen, Germany) precoated with
human collagen IV (Sigma-Aldrich) or polyethyleneeimine
(PEI)+ laminin. Before plating the cardiospheres were
cultured between 24 and 51 days. Two days after planting,
the cells had attached to the plates, integrating mechani-
cally and electrically and forming a large, simultaneously
beating cluster covering several electrodes. Recordings were
carried out within 5 days of planting. The clusters underwent
morphological change with time and detached from the
surface and/or stopped spontaneously beating within
2 weeks after planting.
Extracellular recordings were performed to characterize
basal electrical activity of the beating cardiospheres. Each
MEA had 60 flat, round, substrate-integrated titanium nitride
electrodes in an 8×8 grid and an integrated reference
electrode (electrode diameter 30 μm and interelectrode
distance 200 μm) (Fig. 5A). The MEA was connected to an
amplifier with a heated stage (Multi Channel Systems,
Reutlingen, Germany). All recordings were carried out at
37 °C with culture medium gassed with 5% CO2. To establish
the stability of the preparation, medium was changed and
recordings carried out twice before the recording was used
for analysis.
Data were acquired and analyzed using MC Rack software
(Multi Channel Systems). Recordings were carried out at a
sampling frequency of 1 kHz and lasted for 2min. The resulting
field potentials (FPs) were characterized regarding interbeat
interval and waveform properties such as FPMIN, FPMAX, and
FPDUR. Thirty successive FPs were averaged to reduce
background noise and facilitate manual recognition of FPMAX.
To study the rate dependency of the action potential
duration (APD), one cardiosphere (CS) cluster was paced with
an external electrode in 100-ms steps at intervals between
1000 and 600 ms. The sensitivity to β-receptor stimulation
was studied by adding culture medium with 36 μM isopren-
aline to the beating cardiosphere cultures. The isoprenaline
stimulation experiments were performed in triplicate.
Statistical analysis
Data are presented as mean ± SD. For statistical analysis of
the electrophysiological measurements, t tests for depen-
dent samples were used. A Pb0.05 was considered to
indicate significance.
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